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Pheromone communication is a two-component sys-
tem: signaling pheromones and receiving sensory
neurons. Currently, pheromones remain enigmatic
bioactive compounds, as only a few have been iden-
tified, but classical bioassays have suggested that
they are nonvolatile, activate vomeronasal sensory
neurons, and regulate innate social behaviors and
neuroendocrine release. Recent discoveries of poten-
tial pheromones reveal that they may be more struc-
turally and functionally diverse than previously de-
fined.
Pheromones Are a Mystery
Pheromones are unlike the familiar chemical odorants
that generate our perception of smell and subtly guide
our behavior. With experience, we learn to be drawn to
the aroma of finely prepared food and repelled when it
has spoiled. But, in addition to the seemingly limitless
odorant combinations that we associate with certain
behavioral outcomes, most terrestrial vertebrates also
respond to pheromones. These semiochemicals are
classically defined as chemical cues emitted and de-
tected by individuals of the same species that influence
social and reproductive behavior. A naive animal re-
sponds behaviorally to the presence of pheromones
without any prior experience or exposure: pups suckle,
males fight, and estrus cycles are altered. And yet, de-
spite the importance of these chemical cues in regulat-
ing essential animal behaviors, the nature of these elu-
sive ligands remains largely unknown. A growing body
of evidence indicates that the structural and functional
characteristics of pheromones may be far more diverse
than revealed by classical experiments. Recent studies
(Leinders-Zufall et al., 2000; Lin et al., 2005) in conjunc-
tion with prior evidence suggest that the working defini-
tion of pheromones as nonvolatile molecules that regu-
late innate social behavior by activating vomeronasal
organ (VNO) sensory neurons may be too restrictive.
Indeed, it appears that pheromones may be nonvolatile
or ephemeral, activate VNO or main olfactory epithe-
lium (MOE) neurons, and may have their effects altered
by context as opposed to being strictly innate.
Are Pheromones Simply Ligands that Activate
the Vomeronasal Organ?
Two-hundred years ago, Jacobson described an ana-
tomically distinct organ within the nasal cavity filled
with chemoreceptive cells and, without supporting evi-
dence, dubbed it the “sexual nose” as a potential medi-
ator of the pheromone response (Cuvier, 1811). Subse-*Correspondence: stowers@scripps.eduquent experiments have suggested that the sexual
nose, now referred to as the vomeronasal organ, re-
sponds to pheromones while chemoreceptive neurons
that reside in the main olfactory epithelium initiate the
perception of odorants (Figure 1).
More recently, molecular characterization has re-
vealed that the primary signal transduction machinery
of MOE neurons is distinct from that of VNO neurons
(reviewed in Dulac and Torello, 2003). Although ligands
for both structures activate specific G protein-coupled
receptors (GPCRs), the MOE receptors are evolution-
arily distinct from all identified VNO receptors. Further-
more, GPCR activation in the MOE leads to the pro-
duction of cAMP to gate CNGA2 channels. These
signaling components are not expressed in VNO neu-
rons that instead utilize a phospholipase C pathway to
activate TrpC2 channels. Most interesting, however, is
the apparent segregation of the neuronal circuitry. MOE
neurons project axons to the olfactory bulb and syn-
apse on mitral cells that in turn signal to the cortex
and the olfactory amygdala. In contrast, VNO neurons
project to the accessory olfactory bulb and relay their
signal to the anatomically distinct medial amygdala. To-
gether, this molecular and anatomical evidence sup-
ports Jacobson’s theory that the MOE and the VNO are
designed for different functions.
However, it is becoming clear that the biological role
of these two different chemoreceptive populations may
not be as simple as Jacobson originally proposed.
While it is true that the MOE responds to odorants and
VNO neurons respond to pheromones (reviewed in Du-
lac and Torello, 2003, and Brennan and Keverne, 2004),
it appears that the converse may also occur. Experi-
ments in swine, which display a robust pheromone re-
sponse, indicate that some pheromone-mediated be-
haviors are generated by MOE neurons (Dorries et al.,
1997). Additionally, there are reports that humans re-
spond to pheromones, yet we do not possess a func-
tional VNO (Liman and Innan, 2003; Savic et al., 2001;
Stern and McClintock, 1998). Recent experiments uti-
lizing molecular genetics and behavioral analysis in
mice clearly indicate that not all pheromone behaviors
are initiated through the VNO. In particular, mice de-
fective for VNO activity (TrpC2−/−) continue to display
some pheromone-mediated behaviors, such as pup
suckling (Leypold et al., 2002; Stowers et al., 2002), a
behavior which is defective in mutant mice lacking
classical MOE activity (CNGA2−/−, formerly known as
OCNC1 Brunet et al., 1996). Together, these findings in-
dicate that pheromones can be detected by popula-
tions of neurons outside of the VNO that are molecu-
larly similar to those MOE neurons generally thought to
mediate odorant perception. Additional complementary
experiments reveal that mouse VNO neurons can be
stimulated by odorants not emitted from other animals,
such as floral and woody smelling compounds (Sam et
al., 2001), and that mice defective in MOE signal trans-
duction (adenylate cyclase III−/−) are capable of behav-
ioral responses to certain odorants (Trinh and Storm,
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iFigure 1. The Functional Organization of the Pheromone-Sensing
System m
Chemical cues in the environment are detected by two anatomi- d
cally distinct chemosensory organs in the mouse nasal cavity. The
mlocation of the main olfactory epithelium (MOE) at the far end of
athe nasal cavity makes it well suited to detect volatile odorant li-
rgands (yellow icons, MTMT), while the location of the fluid-filled
vomeronasal organ (VNO) was thought to be better suited to detect M
nonvolatile pheromones (blue and red icons) as well as peptides n
(green icons). However, traditional odorants have also been shown e
to activate the VNO, and MTMT (shaded to denote uncertainty) may r
activate as well. Likewise, traditional pheromones, including those
wshown to be volatile, as well as peptides may act through the MOE
t(icons shaded to denote uncertainty). The mitral cell second-order
neurons that are located in the olfactory bulb (OB) receive input i
from the MOE and are involved in the perception of odorants but A
may also be involved in the pheromone response. Second-order E
neurons in the accessory olfactory bulb (AOB) receive inputs from t
the VNO and transduce the classical pheromone response but may
salso be involved in odorant perception.
w
s2003). These findings, which stand in contrast to the s
original hypothesis of Jacobson, inspire one to re- m
consider the function of these two different “noses.” To 1
date, the biological relevance of the evolution of two p
separate chemosensory organs remains unknown. How- g
ever, it is clear that a pheromone is not simply a ligand i
Athat activates VNO sensory neurons. small number of interesting volatile compounds have
Figure 2. Role for Small Peptide and Chemical Pheromones in Mediating Reproduction
(A) Unidentified chemical cues (blue icons) in the C57B/6 male urine induce estrus in the Balb/C female. (B) After mating of the C57B/6 stud
male to the Balb/C female, she forms a memory to the stud male’s urinary peptides (yellow icons), inhibiting the estrus-inducing effect of his
own chemical pheromones and ensuring successful pregnancy (left). If the pregnant Balb/C female is subsequently exposed to a male of a
different strain as the mating male (Balb/C), his urinary peptide profile (green icons) is not recognized by the female, and his chemical cues
induce estrus resulting in termination of the original pregnancy (i). MHC peptides are sufficient for this effect since, after mating to C57B/6
male, the female can be induced to return to estrus simply by exposure to C57B/6 urine spiked with BALB/c peptides (ii). (C) Mice do not
demonstrate behavioral responses to their own pheromones in the absence of contextual cues.Recently, Katz and colleagues reported a novel semi-
chemical isolated from mouse urine that activates
OE neurons (Lin et al., 2005). To determine the precise
olatiles in urine that activate the main olfactory sys-
em, Katz’s group accomplished a technical tour de
orce by combining single-unit electrophysiological re-
ordings from MOE mitral cells with solid-phase mi-
roextraction and gas chromatography of urine. This
mbitious experimental paradigm allowed for the char-
cterization of mitral cells (located in the olfactory bulb
n Figure 1) that were specifically activated by individual
ompounds within urine. A novel compound was iden-
ified from male urine that is absent in female urine and
xcites neurons of the MOE. This compound, (methyl-
hio)methanethiol (MTMT), elicits an attractive behav-
oral response from females. Is MTMT the first identified
ouse pheromone acting through MOE neurons? It
oes transmit behavioral information between species
embers and at first glance could be considered as
potential pheromone. Though the electrophysiology
eveals that this socially relevant compound activates
OE neurons, it is not clear that these are the same
eurons that mediate the behavior. The behavioral
ffect may be generated through additional MTMT-
esponsive neurons in the VNO or elsewhere. Assays
ith TrpC2−/− and CNGA2−/− mice can confirm if MOE-
ype neurons are indeed the ones mediating the MTMT-
nduced behavioral response.
re Pheromones Nonvolatile Chemical Cues?
veryday experience confirms that odorants are vola-
ile and that nonvolatiles do not convey a sense of
mell. Initially, it was presumed that most pheromones
ere nonvolatile, since direct physical contact with the
timulus (by licking or inhalation of droplets) was ob-
erved to be necessary for activation of certain phero-
one-mediated behaviors (O’Connell and Meredith,
984). Although it is clear that mouse urine contains
heromone activity (for example, male urine elicits ag-
ressive behavior from other males), the molecular
dentities of urine pheromones have not been defined.
Minireview
701Table 1. Characteristics of Candidate Mouse Pheromones
Sensory Neuron ActivationPotential Mouse a Molecule
Pheromones VNO MOE Volatile Behavior Behavior Innate
2,5-dimethylpyrazine yes ? yes puberty delay yes
2-sec-butyl-4,5- yes ? yes estrus induction, intermale yes
dihydrothiazole aggression, and female
attraction
2,3-dehydro-exo-brevicomin yes ? yes estrus induction, intermale yes
aggression, and female
attraction
E,E-α-farnesene, E,β- yes ? yes estrus induction, intermale yes
farnesene aggression
2-heptanone yes ? yes puberty delay yes
6-hydroxy-6-methyl-3- yes ? yes puberty acceleration yes
heptanone
MHC class I peptides yes ? no olfactory memory yes/associative
(methylthio) methanethiol ? yes yes female attraction ?
(MTMT)
aReviewed in Dulac and Torello, 2003.been purified based on their dimorphic presence in
male and absence in female mouse urine (Table 1 and
reviewed in Dulac and Torello, 2003). These compounds
have been shown to directly activate VNO neurons
in vitro (Leinders-Zufall et al., 2000). Currently, the bio-
logical function of these purified compounds is subtle,
yet, based on their presence in bioactive fluids and
their ability to activate VNO sensory neurons, they
should be considered candidate pheromones. As the
field begins to unravel the logic of chemosensation, it
will be interesting to address the extent to which one
molecule can activate both the VNO and the MOE.
These isolated compounds along with MTMT, which is
also volatile, suggest that there is no inherent biophysi-
cal difference between the molecular features of an
odorant and a pheromone.
However, previous behavioral experiments clearly
identified nonvolatile pheromone activity, and recently
a great step has been made toward identifying these
cues. A second class of molecules was found to be
present in mouse urine, activate VNO neurons, and alter
reproduction: MHC class I peptides (Leinders-Zufall et
al., 2004). These nonvolatile ligands, which represent
the “self-peptides” expressed on MHC class I mole-
cules during thymic selection of T cells, are implicated
in turning off the normal pheromone response between
males and females to allow for a pregnancy to proceed.
Are these peptides pheromones? They are emitted and
detected within a species, activate chemosensory neu-
rons, and serve to block a neuroendocrine response
ensuring pregnancy. Thus, they possess many of the
accepted functions of pheromones. In total, it appears
that the structural nature of pheromones is hetero-
geneous from volatile small molecules to nonvolatile
peptides.
Do Pheromones Initiate Innate Responses?
Olfactory perception is associative; we learn to corre-
late odors with specific objects or situations based on
experience. Moreover, our output behavior in response
to odorants can be altered. A smell that was once un-
pleasant may become attractive when associated with
a rewarding experience. In contrast, the response topheromones is thought to be hardwired; the cues con-
vey an intrinsic meaning. When a naive male that is iso-
lated after weaning is placed in the presence of another
male’s pheromones, he instinctively displays the pre-
dicted behavior of aggression that is thought to be un-
affected by experience, learning, or memory (Connor,
1972). Based on these functional observations, it is not
clear whether MTMT, the substance in male urine that
activates MOE neurons and is attractive to females, can
be classified as a pheromone. Since the females used
in the behavioral analysis of MTMT were sexually expe-
rienced (Lin et al., 2005), their prior exposure to males
provided ample opportunity for associative learning to
male-specific cues that may not otherwise convey be-
havioral information when presented to naive females
alone. It will be of interest to determine whether MTMT
initiates attraction in females without sexual experience
or rather functions as a learned cue that females asso-
ciate with males after exposure.
Do MHC I peptides convey intrinsic information? It is
first necessary to understand their biological function.
Specifically, unknown pheromones in male urine initiate
a female’s estrus cycle (Figure 2A, Marsden and Bron-
son, 1964). This becomes an obvious problem for re-
production, since the presence of a male’s pheromones
after mating would trigger estrus and subsequent loss
of the uterine lining rather than allowing for hormonal
profiles conducive to embryo implantation and preg-
nancy. Female mice circumvent this problem by form-
ing an “olfactory memory” (Bruce effect, Bruce, 1959)
specific to the MHC class I peptide profile of the mating
partner which subsequently prevents entry into estrus
normally evoked by his pheromones (Figure 2B). How-
ever, this mechanism is specific to the mating partner,
as the pheromone profiles (small molecules and MHC
peptides) of other males retain the ability to induce
estrus (Figure 2Bi, Leinders-Zufall et al., 2004).
This demonstrates that the MHC peptides intrinsi-
cally alter behavior, but only after a form of learning.
The mating male’s pheromones induce estrus prior to
mating, yet do not initiate a behavioral response after
mating. Since all MHC peptides activate VNO sensory
Neuron
702neurons in vitro (Leinders-Zufall et al., 2004), it is inter- t
esting to contemplate the possible mechanism of this r
memory-dependent inhibition of normal male phero- m
mone action. Memory formation has been shown to re- M
quire the activity of inhibitory interneurons in the acces- t
sory olfactory bulb (Kaba et al., 1994), providing a a
general method to modify pheromone circuitry. Alterna- o
tively, mate-specific peptides may be prevented from p
activating neurons in vivo after the memory is estab-
lished. This exciting discovery of MHC peptide ligands m
as a direct mediator of this process provides the tools s
to elucidate the underlying molecular mechanisms that p
generate specific memory formation to the appropriate s
male. One wonders if MHC peptides are indeed phero- t
mones in their own right, capable of inducing a behav- c
ioral response in the absence of other compounds or c
are instead accessory molecules that modify, in this ex- b
ample block, the response to other pheromones. In to- i
tal, these studies reveal that, unlike odorants, murine t
pheromones are intrinsically instructive. However, the M
exception of the mating-dependent response to MHC i
peptides indicates that this definition is not absolute. t
In fact, the behavioral response to pheromones may v
indeed be altered by some limited forms of learning p
and memory. t
Does the Presence of Pheromones e
Always Generate Behavior?
The response to pheromones is thought to be unalter-
able. One imagines an animal’s actions to be robotically S
dictated by pheromones. In reality, the response to
Bpheromones may be context dependent. Our current
Bunderstanding of MTMT does not inform this aspect of
Bpheromones, but MHC peptides reveal contradictions
about the effects of ligands on behavior. MHC class I C
peptides are not gender specific, therefore the female C
is continuously exposed to her own peptide ligands. D
However, this presents a potential problem; why does h
she not form a memory to her own peptides? Indeed, D
Figure 2B illustrates (Leinders-Zufall et al., 2004) that a K
female’s BALB/c peptides are present during the criti- 2
cal period when the memory is being formed to the L
Smate’s C57B/6 peptides creating a molecular situation
that is theoretically similar to the subsequent presenta- L
Ation of BALB/c peptide-spiked C57B/6 urine that is suf-
Sficient to initiate estrus (Figure 2Bii). This phenomenon
Lsuggests that there is a molecular mechanism that dif-
aferentiates between the female’s and the male’s MHC
Lpeptides or alters access of the female’s peptides to
3the sensory neurons.
LThe contradiction of the action of pheromone cues
4selective to appropriate context can be extended when
Mone considers the refractive nature of an individual to
Mtheir own pheromones. For example, a male excretes
Opheromones sufficient to induce aggression from other
1males, yet he does not continuously display aggressive
Sbehaviors in response to his own pheromones (Figure
(2C). In unpublished experiments, we have observed
Sthat a male can exhibit aggression in response to his
3own urine when it is presented on the body of another
Smouse (that has been castrated to prevent the release
Sof pheromones). In this example, the presence of pher-
(omone ligands in the cage environment without the
Tproper context of another male is not sufficient to in-
duce aggressive behavior. As with the MHC peptides,his suggests that additional environmental stimuli can
egulate the behavioral response generated by phero-
ones. In rodents, learned odorant cues detected by
OE neurons may be providing the contextual informa-
ion. Both MOE and VNO circuitry converge in the
mygdala (reviewed in Meredith, 1998), providing an
pportunity for the integration of pheromone and non-
heromone cues.
Much progress has been made toward identifying the
echanisms underlying the mammalian pheromone re-
ponse. Molecular genetics have revealed the immense
otential for information coding by murine chemosen-
ory neurons, and identification of the pheromones
hemselves is the next important step necessary to elu-
idate the mechanisms underlying behavior. Indeed, re-
ent findings of candidate murine pheromones have
roadened our understanding of their role in mediating
ntraspecies behavior. With the addition of small vola-
iles acting through the MOE and the VNO, and urinary
HC peptides joining the list of potential pheromones,
t is clear that the family of pheromone molecules and
heir mechanism of action is far more diverse then pre-
iously thought. Consequently, the working definition of
heromones is now in flux. Continuing elucidation of
he pheromone ligands promises more surprises and
xciting advances.
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